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200 km. For a pos tu la ted  pyroxenite composition of t h e  lunar  
i n t e r i o r  such conduc t iv i t i e s  correspond t o  temperatures i n  t h e  
range from 1200 t o  13009K. Other l e s s  conductive and cooler  
models a r e  poss ib le .  
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SUBJECT: E l e c t r i c a l  Conductivity 
of t h e  Lunar I n t e r i o r  - 
and Temperature DATE: 
Case 340 
mOM: W. R. S i l l  
TECHNICAL MEMORANDUM 
1.0 INTRODUCTION 
Data re turned  from t h e  Apollo 12 lunar  su r face  
magnetometer has  shown t h e  presence of a s teady f i e l d  of 
about 36y and a f l u c t u a t i n g  component of an amplitude t h a t  
is  o f t e n  considerably l a r g e r  than t h a t  of t h e  f l u c t u a t i o n s  
observed i n  lunar  o r b i t  by Explorer 35, [NASA, - 19701. The 
s teady component i s  a t t r i b u t e d  t o  t h e  remnant magnetization 
of a l a r g e  body acquired when t h e  inducing f i e l d s  were much 
l a r g e r  than a t  p resen t  [Dyal e t  a l . ,  1970al. 
When t h e  moon i s  i n  t h e  s o l a r  wind, t h e  time varying 
f i e l d  a t  t h e  lunar  su r face  c o n s i s t s  of t h e  superpos i t ion  of 
t h e  i n t e r p l a n e t a r y  magnetic source f i e l d ,  t h e  po lo ida l  (eddy 
cur ren t )  induced f i e l d  dr iven by t h e  t i m e  v a r i a t i o n s  i n  t h e  
source f i e l d  and t h e  t o r o i d a l  response f i e l d  due t o  t h e  motional 
e l e c t r i c  f i e l d .  An i n i t i a l  ana lys i s  of t h e  observed t i m e  varying 
lunar  su r face  f i e l d  has been i n  terms of a simple model cons i s t ing  
of a conductive core of about mho/m surrounded by a noncon- P duct$ve c r u s t  of a th ickness  on t h e  order  of 100 km [Sonet t ,  1970; 
Sonet t  e t  a l . ,  1970; Monitor, 19701. I f  one assumes t h a t  t h e  
po lo ida l  response i s  much s t ronger  than t h e  t o r o i d a l  response, 
then t h e  above is  c o n s i s t e n t  with t h e  observed t r a n s i e n t  response 
time (%lo0 sec)  t o  s t e p  funct ion changes i n  t h e  source f i e l d  and 
with t h e  ampl i f ica t ion  ( ~ 5 x )  of t h e  t a n g e n t i a l  component of the  
lunar  s u r f a c e  f i e l d  r e l a t i v e  t o  t h e  in te rp lane ta ry  magnetic f i e l d .  
A c a r e f u l  examination of t h e  published time domain 
recordings i n d i c a t e s  t h a t  t h e  assumed predominance of - t h e  po lo ida l  
response i s  probably c o r r e c t  a t  f requencies  above lo-' Hz. As -  
suming t h i s  predominance extends t o  lower frequencies  i n d i c a t e s  
t h a t  some information on t h e  conduct ivi ty  below 200 km i s  p resen t  
i n  t h e  da ta .  The f a c t  t h a t  t h e  po lo ida l  response increases  with 
frequency tends t o  make t h e  higher  f requencies  s tand  o u t  i n  t i m e  
domain recordings.  Accordingly, t h e r e  i s  a tendency t o  s e l e c t  
models which f i t  t h e  high frequency da ta  and the re fo re  t h e  models 
a r e  more i n d i c a t i v e  of t h e  near su r face  conduct ivi ty .  
2.0' 'LUNAR 'SURFACE MAGNETIC FIELD 
1 
' J Calcula t ions  based on various lunar  conduct ivi ty  models 
have shown t h a t  t h e  po lo ida l  response becomes important a t  
f requencies  above t h e  inver se  of t h e  Cowling time f o r  t h e  most 
conductive i n t e r i o r  p o r t i o n  [Blank and S i l l ,  1969a; S i l l  and Blank, 
1 9 6 9 ,  19701. The p o l o i d a l  response cont inues  t o  i n c r e a s e  w i th  
frequency as  t h e  o u t e r  less conduct ive  reg ions  become i n d u c t i v e  
and t h e  induced f i e l d  becomes compressed w i t h i n  t h e  non- 
i nduc t ive  c r u s t .  On t h e  o t h e r  hand, t h e  t o r o i d a l  response 
f o r  t h e s e  models i s  f l a t  a t  low f r equenc ie s  and f a l l s  o f f  a t  
high f requenc ies  [Blank and S i l l ,  1969b; S i l l  and Blank, 19701. 
Both t h e  magnitude of t h e  t o r o i d a l  f i e l d  and t h e  reg ion  of t h e  
high frequency cu to f f  a r e  t y p i c a l l y  determined by t h e  most 
r e s i s t i v e  c r u s t a l  l a y e r .  
When t h e  p o l o i d a l  i n t e r a c t i o n  i s  dominant, t h e  l u n a r  
s u r f a c e  magnetic f i e l d  should appear enr iched  i.n t h e  h igh  
frequency components, i n  response t o  broad band, whi te  n o i s e  
i n  t h e  i n t e r p l a n e t a r y  f i e l d .  This  e f f e c t  can be seen i n  
F igu re  1 [Dyal, 1970bl which shows a  comparison of t h e  l u n a r  
s u r f a c e  magnetic f i e l d ,  B(LSM), a t  t h e  Apollo 1 2  s i t e  and t h e  
i n t e r p l a n e t a r y  magnetic f i e l d ,  B ( I M F ) ,  a s  measured by 
Explorer  35 i n  l u n a r  o r b i t .  I n  g e n e r a l ,  one no tes  no t  only  t h a t  
t h e  h o r i z o n t a l  components (y ,  z )  of t h e  l una r  s u r f a c e  f i e l d  a r e  
cons iderab ly  ampl i f i ed  wi th  r e s p e c t  t o  t h e  p a r a l l e l  componen,t 
of t h e  i n t e r p l a n e t a r y  f i e l d ,  b u t  a l s o  t h a t  t h e  l una r  s u r f a c e  
t r a c e s  appear t o  be  dominated by t h e  h ighe r  f r equenc ie s .  A 
good example occurs  i n  t h e  record  between 32 and 49 minutes ,  
where t h e  z  component of t h e  i n t e r p l a n e t a r y  f i e l d  shows an 
abrupt  change i n  mean l e v e l  (dashed l i n e )  of Q J ~  u n i t s ,  fo l lowed 
by a  quas i - s inuso ida l  - o s c i l l a t i o n  wi th  a  peak-to-peak ampli tude 
of $2.7 u n i t s .  A t  t h e  l u n a r  s u r f a c e  t h e  ab rup t  change i n  mean 
l e v e l  (%6.5 u n i t s )  - of t h e  p a r a l l e l  component i s  almost  obscured 
by t h e  l a r g e  ( ~ ~ 9 . 6  u n i t s )  quas i - s inuso ida l  o s c i l l a t i o n s .  
3.0 LUNAR CONDUCTIVITY MODELS 
Simple c a l c u l a t i o n s  of t h e  a m p l i f i c a t i o n  ( r a t i o  of t h e  
l u n a r  s u r f a c e  f i e l d  t o  t h e  i n t e r p l a n e t a r y  f i e l d )  of t h e  p r i n c i p a l  
frequency component i n  t h e  square  wave from 1 t o  l ' ,  t h e  quas i -  
s i n u s o i d  a t  2 and 4 and o t h e r  f l u c t u a t i o n s  a t  t h e  i n d i c a t e d  
p o i n t s  a r e  shown as c i r c l e s  i n  F igu re  2. 
The c l u s t e r i n g  of  t h e  p o i n t s  i s  a  r e s u l t  of t h e  t ime 
s c a l e  used i n  t h e  d i sp l ay  a n d . t h e  g r e a t e r  a m p l i f i c a t i o n  of  t h e  
h ighe r  f r equenc ie s ,  which makes t h e  c a l c u l a t i o n  of t h e  g a i n  
e a s i e s t  f o r  f r equenc ie s  of t h e  o r d e r  of . O 1  Hz. Note t h a t  t h e  
observed ga in  i n c r e a s e s  wi th  f requency,  i n d i c a t i n g  a  dominant 
c o n t r i b u t i o n  from t h e  p o l o i d a l  mode a t  t h e  h igher  f r equenc ie s .  
F igu re  2 a l s o  shows t h e  magnitudes of t h e  p o l o i d a l  and 
t o r o i d a l  t r a n s f e r  func t ions  f o r  s e v e r a l  conduc t iv i ty  models. 
Below .l H z ,  t h e  p o l o i d a l  response i s  i n s e n s i t i v e  t o  t h e  s t r u c t u r e  
of t h e  o u t e r  100 km, provided t h e  e f f e c t i v e  conduc t iv i ty  i s  less 
t h a n  l o m 5  mho/m. On t h e  o t h e r  hand, t h e  t o r o i d a l  response f o r  
t h e  models shown i s  no t  s e n s i t i v e  t o  t h e  conduc t iv i ty  below 1 0 0  km. 
A t  any given frequency,  t h e  g a i n  o r  r a t i o  of t h e  l una r  
s u r f a c e  f i e l d  t o  t h e  i n t e r p l a n e t a r y  f i e l d  i s  determined by a 
weighted sum of t h e  magnitudes of t h e  p o l o i d a l  and t o r o i d a l  
t r a n s f e r  func t ions  [ S i l l  and Blank, 1969; 1 9 7 0 1 ,  S ince  t h e  x,y 
p lane  i s  almost  p a r a l l e l  t o  t h e  e c l i p t i c ,  t h i s  r a t i o  f o r  t h e  
z o r  no r th  component i s  simply 
B (LSM) 
z 
BZ(rm) = IHpl + lHtl 
I n  o r d e r  t o  compare t h e  observed r a t i o s  wi th  t h e o r e t i c a l l y  
de r ived  ones,  w e  must a s c e r t a i n  t h e  c o n t r i b u t i o n s  from each of 
t h e  modes. Two-layer model c a l c u l a t i o n s  show t h e  t o r o i d a l  r e -  
sponse t o  be  much less than  1, i f  t h e  conductance p e r  u n i t  a r e a  
of t h e  s u r f a c e  l a y e r  i s  much l e s s  than 1 0  -12 rnho/m2. Nagata [I9701 
r e p o r t s  a  conduc t iv i ty  of l o m 9  mho/m f o r  an Apollo 11 c r y s t a l -  
l i n e  rock a t  300°K, a  va lue  which i s  t y p i c a l  of t e r r e s t r i a l  
b a s a l t s  as measured i n  t h e  l abo ra to ry .  Simulat ing t h e  r e g o l i t h  
cond i t i ons  on t h e  l u n a r  s u r f a c e  by vacuum drying and powdering 
t e r r e s t r i a l  b a s a l t s  q ives  c o n d u c t i v i t i e s  i n  t h e  range from 
- - 
10- l3  t o  10-16 mho/m [Strangway, 19691, s o  t h a t  a  few meters of 
such m a t e r i a l  a t  t h e  s u r f a c e  would e f f e c t i v e l y  quench t h e  
t o r o i d a l  response of t h e  moon. 
Assuming t h a t  t h e  t o r o i d a l  response i s  much less than  
1, w e  need then only t o  compare t h e  observed r a t i o s  wi th  t h e  
magnitude of t h e  p o l o i d a l  response.  I n  F igure  2 we s e e  t h a t  
- 
nea r  10-"z t h e  p o l o i d a l  response models 1, 2 and 3  prov ide  an 
adequate  f i t  t o  t h e  d a t a .  This i s  because they a l l  have a con- 
- 
d u c t i v i t y  of 5  x rnho/m between 100 and 200 km. Within t h e  
e s t ima ted  accuracy ( ~ 1 5 % ) . o f  t h e s e  s imple  c a l c u l a t i o n s ;  e i t h e r  
model 1 o r  2 provides  an adequate f i t  t o  t h e  lowest  frequency 
- 4  point a t  5 x  1 0  Hz. Thus, c o n s i s t e n t  wi th  t h e s e  two models, 
a  conduc t iv i ty  of t h e  o r d e r  of mho/m is pe rmis s ib l e  below 
300 km. 
The assignment of a  frequency t o  t h e  observed ampl i f ica -  
t i o n  f a c t o r s  i s  simply based on t h e  t i m e  d u r a t i o n  of t h e  f l u c t u a -  
t i o n .  For t h e  quas i - s inuso ids ,  t h i s  e s t ima te  i s  probably s a t i s -  
f a c t o r y  b u t  f o r  t h e  lowest  frequency event  ( p o i n t  1 i n  F igu re  2 )  
t h e  e s t i m a t e  i s  only approximate. In s t ead  of an a c t u a l  s p e c t r a l  
decomposition of  t h e  r eco rds  i n  Figure  1, a  b e t t e r  e s t i m a t e  of 
t h e  low frequency response and deep e l e c t r i c a l  p r o p e r t i e s  can be  
made by f i t t i n g  a  model t o  t h e  d a t a  i n  t h e  t ime domain. 
Figure  3 shows t h e  t ime domain response of a model 
( l a )  t o  a  s imu la t ion  of t h e  event  i n  F igure  l between l and l S .  
Model l a  i s  t h e  same a s  model 1 i n  t h e  o u t e r  300 km and has a  
conduc t iv i ty  of 3  x l o e 2  mho/p below 300 km. The i n c r e a s e  i n  
t h e  co re  conduc t iv i ty  i n  model l a  over  model 1 was necessary 
t o  f i t  t h e  observed ampl i f i ca t ion  of t h e  mean l e v e l  (%2X). 
E i t h e r  model l a  o r  1 provide an adequate f i t  t o  t h e  ampl i f ica -  
t i o n  of t h e  s inuso id .  
Note a l s o  t h e  gene ra l  q u a l i t a t i v e  agreement between 
t h e  r e a l  and s imula ted  even t s ,  i . e . ,  t h e  overshoot  on t h e  f i r s t  
h a l f  of t h e  s i n u s o i d  a t  1 and t h e  l a r g e  nega t ive  overshoot  a f t e r  
t h e  mean l e v e l  decrease  a t  1 ' .  
The normalized s l o p e  (8-I a B / a t )  o r  r a t e  of decay of 
t h e  nega t ive  overshoot  i n c r e a s e s  from about 30 s e c  near  t h e  peak 
t o  about 300 s e c  a f t e r  about 50 sec .  This  i s  a  man i f e s t a t i on  of 
t h e  d i f f e r e n t  r a t e s  of decay f o r  t h e  va r ious  frequency components 
t h a t  a r e  a s s o c i a t e d  wi th  t h e  end of t h e  square  wave a t  1'. The 
h igher  frequency components have sma l l e r  s k i n  depths  and the re -  
f o r e  decay a t  a  f a s t e r  r a t e .  The sma l l e r  s k i n  depths  of t h e  
h igher  f r equenc ie s  a l s o  mean t h a t  they sample t h e  l e s s  conduc- 
t i v e  l a y e r s  c l o s e r  t o  t h e  l u n a r  su r f ace .  For t h i s  reason one 
must be  c a r e f u l  i n  t h e  t ime domain i n t e r p r e t a t i o n  of decay 
curves a s s o c i a t e d  wi th  s t e p  func t ion  changes i n  t h e  f i e l d .  A 
s imple  exponen t i a l  decay i n t e r p r e t a t i o n  of t h e  f i r s t  50 s e c  of 
t h e  overshoot  decay of Figure  3 would g i v e  a  t ime cons t an t  of 
55 s e c  which corresponds ,to t h e  Cowling decay t ime f o r  a  sphere  
of r a d i u s  1.64 x  l o 3  km and a  conduc t iv i ty  of 2 x  mho/m. 
This conduc t iv i ty  i s  a  s e r i o u s  underes t imate  of t h e  maximum 
- 2  i n t e r i o r  conduc t iv i tv  ( 3  x  1 0  mho/m) of t h i s  model. 
A lower l i m i t  f o r  t h e  i n t e r i o r  conduc t iv i ty  can be 
ob ta ined  by determining t h e  maximum e f f e c t  of a  non-zero 
t o r o i d a l  response,  assuming t h a t  a t  t h e  lowest  frequency ( 5  x  
l o w 4  H z ) ,  t h e  p o l o i d a l  t r a n s f e r  func t ion  has i ts  s m a l l e s t  va lue ,  
iHPl 
= 1. Then, s i n c e  t h e  t o t a l  observed r a t i o  i s  2 ,  t h e  maximum 
va lue  f o r  t h e  t o r o i d a l  response i s  1 ~ ~ 1  = 1. Sub t r ac t ing  t h i s  
maximum va lue  from t h e  observed r a t i o s  ' g i v e s  t h e  va lues  of H P  
i n d i c a t e d  by c ros ses .  A model ( 4 )  wi th  an i n t e r i o r  conduc t iv i ty  
of 2.5 x  l o - *  mho/m provides  an adequate f i t  t o  t h e s e  da t a .  
4 . 0  LUNAR TEMPERATURES 
In fe rences  on t h e  temperature  based on t h e  conduc t iv i ty  
models a r e  complicated by our  l ack  of knowledge of t h e  composition 
of t h e  l una r  i n t e r i o r .  Figure  4 shows t h e  conduct ivi ty- temperature  
r e l a t i o n s  f o r  s e v e r a l  t e r r e s t r i a l  rocks ( b a s a l t ,  pyroxeni te ;  
ol iv ine-pyroxeni te ,  [Parkhomenko, 19671 ) and minera l s  ( o l i v i n e ,  
[ , 1968] ) ,  t h e  E a r t h ' s  mantle [Swi f t ,  19671 and an 
Apollo I1 c r y s t a l l i n e  ( b a s a l t i c )  rock [ N a q c a ,  19701 . Also 
i n d i c a t e d  a r e  t h e  c o n d u c t i v i t i e s  and depths  from models 1 t o  4 .  
O l i v i n e ,  which has been used a s  a  model f o r  t h e  e l e c -  
t r i c a l  conduc t iv i ty  of a  c h o n d r i t i c  Moon [England e t  a l .  , 19681 , 
i s  much l e s s  conduct ive  t han  t e r r e s t r i a l  b a s a l t  o r  t h e  Apollo 11 
b a s a l t ,  a s  was po in t ed  o u t  by Nagata [1970]. A b a s a l t  model f o r  
t h e  Moon w i l l  t hus  l ead  t o  lower temperatures  t han  o l i v i n e .  
However, b a s a l t  cannot r e p r e s e n t  t h e  mean l u n a r  composit ion,  
because t h i s  w i l l  l e a d  t o  an exces s ive ly  dense Moon [Ringwood 
and Essene, 19701. 
Pyroxeni te  has been suggested a s  a  p l a u s i b l e  m a t e r i a l  
f o r  t h e  composit ion of t h e  l u n a r  i n t e r i o r  [O'Hara e t  a l . ,  1970; 
Ringwood and Essene, 19701. The two curves shown f o r  a  pyroxeni te  
and an o l iv ine -py roxen i t e  i n d i c a t e  t h a t  m a t e r i a l  of t h i s  composi- 
t i o n  i s  l e s s  coiiductive than o l i v i n e  a t  temperatures  below 1 3 0 0 ~ ~ ~  
and w i l l  t h e r e f o r e  l e a d  t o  h ighe r  temperatures  f o r  any given 
conduc t iv i ty .  
The t h r e e  most conductive models (1, l a  and 2 )  and t h e  
o l i v i n e  and pyroxeni te  curves g i v e  rise t o  temperatures  i n  t h e  
range from 1000°K t o  1200°K f o r  t h e  l a y e r  from 200 km t o  300 km 
and temperatures  about 1200°K t o  1400°K below 300 km. The l e a s t  
conduct ive  models ( 3  and 4 )  correspond t o  temperatures  below 
100 km i n  t h e  range from 850°K t o  900°K f o r  o l i v i n e  and 1000°K 
f o r  pyroxeni te ,  With t h e  Apollo II b a s a l t  r e l a t i o n s h i p  a l l  t h e  
p o l o i d a l  models could be  accommodated wi th  temperatures  below 750°K. 
The most conduct ive  models (1 and l a )  and t h e  pyroxeni te  
r e l a t i o n  g i v e  r i s e  t o  temperatures  which a r e  500°K below t h e  
py roxen i t e  s o l i d u s  a t  1 0 0  km and about 300°K below t h e  s o l i d u s  a t  
300 km [Ringwood and Essene, 19701. Whether such temperatures  a r e  
compat ible  wi th  t h e  s t r e n g t h  needed t o  suppor t  t h e  mascons i s  a  
problem which needs t o  be -  i n v e s t i g a t e d .  
5.0 SUMMARY 
Lunar models wi th  conduc t iv i ty  of t h e  o r d e r  of l o m 2  mho/m 
below 300 km a r e  compatible w i th  t h e  d a t a ,  assuming t h a t  t h e  
t o r o i d a l  response i s  n e g l i g i b l e .  Furthermore,  assuming o l i v i n e  
o r  py roxen i t e  a s  r e p r e s e n t a t i v e  of t h e  composit ion of t h e  l u n a r  
i n t e r i o r ,  t h i s  conduc t iv i ty  corresponds t o  temperatures  of about 
1200°K t o  1400°K. Taking i n t o  account t h e  maximum p o s s i b l e  e f -  
f e c t  of a t o r o i d a l  response g i v e s  r e s u l t s  which a r e  compatible 
wi th  a conduc t iv i ty  of 2 x mho/rn below 1 0 0  k m .  This  f i g u r e  
i s  e q u i v a l e n t  t o  the o l i v i n e  and pyroxeni te  c o n d u c t i v i t i e s  a t  
850°K and 1050°K, r e s p e c t i v e l y .  
Lower frequency c a l c u l a t i o n s ,  p r e f e r a b l y  c a r r i e d  o u t  
i n  t h e  frequency domain [ S i l l  and Blank, 1969, 19701, can un- 
ambiguously determine t h e  c o n t r i b u t i o n  from t h e  t o r o i d a l  mode 
and improve t h e  models f o r  t h e  conduc t iv i ty  (and temperature)  
of t h e  l u n a r  i n t e r i o r ,  
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ARBITRARY UNITS 
EXPLORER 35 LUNAR SURFACE MAGNETOMETER 
B-2, IMF 5-Y, IMF B-X, IMF 5-2, LSM B-Y, LSM B-X, LSM 
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FIGURE 2 - POLOIWAL IH ) AND TOROIDAL (Ht) TRANSFER FUNCTIONS FOR FOUR LUNAR 
CONDUCTIVIQY MODELS. THE CIRCLES ARE AMPLIFICATION FACTORS, B(LSM/ 
B(IMF), CALCULATED FROM THE FLUCTUATIONS INDICATED IN FIGURE 1. 
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FIGURE 3 - THE TlME DOMAIN RESPONSE, B,(t), OF MODEL I A TO THE INPUT, 
B,( t ) ) .  THIS IS DERIVED BY COMPUTING THE SPECTRUM OF THE 
INPUT, B,(u), AND MULTIPLYING BY THE MODEL TRANSFER 
FUNCTION, H (a), AND TRANSFORMING THE PRODUCT BACK 
INTO THE TI&E DOMAIN. 
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FIGURE 4 - CONDUCTIVITY AS A FUNCTION OF TEMPERATURE FOR TERRESTRIAL 
ROCKS AND MINERALS AND AN APOLLO 11 CRYSTALLINE ROCK. ALSO 
SHOWN ARE THE MODEL CONDUCTIVITIES AT THE INDICATED DEPTHS. 

